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22 Les rayons cosmiques de très haute énergie : la clé du triptyque

de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :

rL = 1.08 MpcZ�1

�
E

1018 eV

⇥ �
B

1 nG

⇥�1

. (1.11)

La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :

E ⇤ Emax ⌅ 1015 eV⇥ Z

�
B

1 µG

⇥ �
L

1 pc

⇥
. (1.12)

On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou

grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :
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l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.
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for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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subsequently the Hillas criterion.
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de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :

rL = 1.08 MpcZ�1

�
E

1018 eV

⇥ �
B

1 nG

⇥�1

. (1.11)

La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :

E ⇤ Emax ⌅ 1015 eV⇥ Z

�
B

1 µG

⇥ �
L

1 pc

⇥
. (1.12)

On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou

grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.
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des rayons cosmiques observé.
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.

Astrophysics of UHECRs 25

neutron star

proton 10 20
 eV

white 

dwarf

GRB

Fe 10 20
 eV

AGN

AGN jets

SNR

     hot spots

  IGM shocks

Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.

Astrophysics of UHECRs 25

KK & Olinto 2011



 
Selection of UHECR candidate sources

5

22 Les rayons cosmiques de très haute énergie : la clé du triptyque

de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :

rL = 1.08 MpcZ�1
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1 nG

⇥�1

. (1.11)

La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :

E ⇤ Emax ⌅ 1015 eV⇥ Z
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1 µG

⇥ �
L

1 pc

⇥
. (1.12)

On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou

grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.
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de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :
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La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou

grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.
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de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :

rL = 1.08 MpcZ�1
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. (1.11)

La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :

E ⇤ Emax ⌅ 1015 eV⇥ Z
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. (1.12)

On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou

grammage) traversée. On peut ainsi retrouver leur distance parcourue et leur temps de confinement.
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fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
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se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
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Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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de l’ordre de ⇤conf ⌅ 107 ans. On peut comparer cette luminosité à celle des supernovæ : leur
fréquence dans la Galaxie est de 0.01 par an et l’énergie mécanique libérée en une explosion est
de ESN ⌅ 1051 erg. Ainsi, la luminosité des supernovæ Galactiques est de LSN ⌅ 3⇥ 1041 erg/s.
Il su⇥ra donc d’injecter environ 10% de cette puissance aux rayons cosmiques pour expliquer
leur flux.

Les restes de supernovæ présentent des chocs forts non relativistes à l’interface entre l’en-
veloppe éjectée et le milieu interstellaire, ce qui constitue un site idéal d’accélération de Fermi.
D’après l’équation (1.8), on s’attend donc que des particules soient injectées dans le milieu Ga-
lactique avec un spectre Qinj ⇧ E��, avec � = 2.0 � 2.3. Mais ces particules peuvent aussi
s’échapper de la Galaxie et le spectre à l’équilibre des rayons cosmiques Galactiques JGal peut
se calculer en se plaçant dans le modèle de la “bôıte fuyante” (Leaky Box en anglais). On peut
écrire en e�et, en négligeant les pertes d’énergie par interaction dans le milieu interstellaire :

JGal(E) =
Qinj(E)
⇤esc(E)

. (1.10)

Le temps d’échappement ⇤esc(E) est bien sûr relié au temps de confinement ⇤conf(E) qui peut
être mesuré par des rapports d’abondance d’éléments chimiques 4. Les observations indiquent
que ⇤esc ⇧ E⇥ avec ⇥ ⌅ 0.6. Avec un spectre d’injection en 2.1, on pourrait alors très bien
reproduire l’indice spectral des rayons cosmiques observés avant le genou.

On peut aussi remarquer que ⇤esc dépend du transport des particules, et donc du coe⇥cient
de di�usion dans le champ magnétique Galactique (voir annexe A.1.3). En supposant que la
turbulence magnétique Galactique est de type Kolmogorov, on trouve cette fois ⇥ = 1/3. Un
spectre d’injection toujours raisonnable en � ⌅ 2.35 serait alors nécessaire pour retrouver le flux
des rayons cosmiques observé.

On peut enfin se demander jusqu’à quelle énergie les restes de supernovæ peuvent contribuer
au spectre des rayons cosmiques. Le mécanisme de Fermi ne peut fonctionner que si les particules
restent confinées dans la zone d’accélération. Ce confinement a lieu grâce au champ magnétique
et il faut donc que le rayon de Larmor de la particule soit inférieur à la taille de la source. Le
rayon de Larmor d’une particule d’énergie E et de charge Z dans un milieu de champ magnétique
moyen B s’écrit :
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La condition de confinement dans une source de taille L s’écrit rL ⇤ L et peut se retranscrire
en terme d’énergie de la façon suivante (c’est le critère de Hillas 1984) :
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On a choisi ici les valeurs numériques moyennes pour des restes de supernovæ. Lagage & Cesarsky
(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
magnétique dans le choc par la rétroaction des rayons cosmiques permet d’atteindre au moins
l’énergie du genou pour les protons. Dans tous les cas, l’énergie maximale calculée simplement
en (1.12) est trop proche de celle du genou (pour les protons) pour ne pas y voir une relation.

4. Par exemple, les noyaux de bore (B) étant naturellement peu abondants dans la Galaxie, on estime que

ceux observés sont essentiellement des particules secondaires produites par des noyaux de carbone (C) primaires.

Le rapport B/C indiquera donc le taux d’interaction subi par les primaires et donc la densité de colonne (ou
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�
E
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⇥ �
B

1 nG

⇥�1

. (1.11)
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�
B

1 µG

⇥ �
L

1 pc

⇥
. (1.12)
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(1983) ont e�ectué un calcul plus détaillé en prenant en compte l’évolution des supernovæ, et
montrent que Emax ⌅ 2⇥1014 eV⇥Z (B/1 µG). La prise en compte de l’amplification du champ
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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The maximum accessible energy further depends on many details of the acceleration re-

gion but can be estimated by comparing the acceleration time, tacc, the escape time of

particles from the acceleration region tesc, the lifetime of the source, tage, and the energy

loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,

Norman et al. 1995a; Lemoine & Waxman 2009). The condition for successful acceleration

can then be written tacc . tesc, tage, tloss. The escape timescale tesc = R2/(2D), where D is

the di↵usion coe�cient, depends on the characteristics of the transport of particles in the

ambient medium, i.e., on the magnetic field and on the turbulence features. Detailed stud-

ies of this subject can be found in, e.g., Jokipii (1966); Giacalone & Jokipii (1999); Casse

et al. (2002); Yan & Lazarian (2002); Candia & Roulet (2004); Marcowith et al. (2006).

Energy losses during acceleration are generally due to synchrotron radiation, to interac-

tions with the radiative backgrounds, or to hadronic interactions, the latter process being

mostly ine�cient in diluted astrophysical media. The timescale for energy losses through

synchrotron emission and pion production can be expressed in a generic way (Biermann &

Strittmatter 1987): trad = (6⇡m4
pc

3/�Tm
2
e)E

�1B�2(1 + A)�1, where A = 240U�/UB cor-

responds to the ratio of the energy density of radiation leading to pion production U� , to

the magnetic energy density UB = B2/8⇡. In the central region of an AGN for example, as-

suming equipartition with the magnetic field (corresponding to the Eddington luminosity),

for E20 = E/1020 eV and BG = B/1G, trad ⇠ 105sE�1
20 B�2

G . This timescale has to be com-

pared to the acceleration timescale which reads (Lemoine & Waxman 2009): tacc = A tL,

where tL is the Larmor timescale and A & 1 for all types of Fermi acceleration (non, mildly,

or ultra-relativistic, 1st and 2nd order Fermi accelerations). For a non relativistic 1st order

Fermi acceleration for instance, A ⇠ g/�2
sh and tacc ⇠ 107s g E20B

�1
G ��2

sh , where the shock

velocity �sh ⌧ 1 and g ⌘ D/(rLc) & 1. Majoring this timescale with the radiative loss

timescale leads to a maximum acceleration energy in the central region of AGN of order:

Emax ⇠ 1019 eV g�1/2B
�1/2
G �sh.

In the generic case of acceleration in an outflow, Lemoine & Waxman (2009) compare this

acceleration time and the dynamical time tdyn ⇠ R/�W�Wc of the outflow, to set a robust

lower bound on the luminosity that a source must possess in order to be able to accelerate

particles up to E = 1020 eVE20: L > LB ⌘ �WR2B2/2 > 1045 Z�2E2
20 erg s�1. The

magnetic luminosity LB of the source is written as a function of the size of the acceleration

region R in the observer frame, in motion with Lorentz factor �W (and velocity �W) and

imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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particles from the acceleration region tesc, the lifetime of the source, tage, and the energy
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can then be written tacc . tesc, tage, tloss. The escape timescale tesc = R2/(2D), where D is
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tions with the radiative backgrounds, or to hadronic interactions, the latter process being

mostly ine�cient in diluted astrophysical media. The timescale for energy losses through

synchrotron emission and pion production can be expressed in a generic way (Biermann &

Strittmatter 1987): trad = (6⇡m4
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suming equipartition with the magnetic field (corresponding to the Eddington luminosity),
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pared to the acceleration timescale which reads (Lemoine & Waxman 2009): tacc = A tL,
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sh and tacc ⇠ 107s g E20B

�1
G ��2

sh , where the shock

velocity �sh ⌧ 1 and g ⌘ D/(rLc) & 1. Majoring this timescale with the radiative loss
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In the generic case of acceleration in an outflow, Lemoine & Waxman (2009) compare this
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lower bound on the luminosity that a source must possess in order to be able to accelerate
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20 erg s�1. The
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imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects
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sh and tacc ⇠ 107s g E20B

�1
G ��2
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imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works
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The maximum accessible energy further depends on many details of the acceleration re-

gion but can be estimated by comparing the acceleration time, tacc, the escape time of

particles from the acceleration region tesc, the lifetime of the source, tage, and the energy

loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,

Norman et al. 1995a; Lemoine & Waxman 2009). The condition for successful acceleration

can then be written tacc . tesc, tage, tloss. The escape timescale tesc = R2/(2D), where D is

the di↵usion coe�cient, depends on the characteristics of the transport of particles in the
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where tL is the Larmor timescale and A & 1 for all types of Fermi acceleration (non, mildly,

or ultra-relativistic, 1st and 2nd order Fermi accelerations). For a non relativistic 1st order

Fermi acceleration for instance, A ⇠ g/�2
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velocity �sh ⌧ 1 and g ⌘ D/(rLc) & 1. Majoring this timescale with the radiative loss

timescale leads to a maximum acceleration energy in the central region of AGN of order:

Emax ⇠ 1019 eV g�1/2B
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In the generic case of acceleration in an outflow, Lemoine & Waxman (2009) compare this

acceleration time and the dynamical time tdyn ⇠ R/�W�Wc of the outflow, to set a robust

lower bound on the luminosity that a source must possess in order to be able to accelerate

particles up to E = 1020 eVE20: L > LB ⌘ �WR2B2/2 > 1045 Z�2E2
20 erg s�1. The

magnetic luminosity LB of the source is written as a function of the size of the acceleration

region R in the observer frame, in motion with Lorentz factor �W (and velocity �W) and

imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works
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The maximum accessible energy further depends on many details of the acceleration re-
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loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,
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acceleration time and the dynamical time tdyn ⇠ R/�W�Wc of the outflow, to set a robust

lower bound on the luminosity that a source must possess in order to be able to accelerate

particles up to E = 1020 eVE20: L > LB ⌘ �WR2B2/2 > 1045 Z�2E2
20 erg s�1. The
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imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works
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The maximum accessible energy further depends on many details of the acceleration re-
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loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,
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the di↵usion coe�cient, depends on the characteristics of the transport of particles in the
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forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works
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The maximum accessible energy further depends on many details of the acceleration re-
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blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.
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can then be written tacc . tesc, tage, tloss. The escape timescale tesc = R2/(2D), where D is

the di↵usion coe�cient, depends on the characteristics of the transport of particles in the
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et al. (2002); Yan & Lazarian (2002); Candia & Roulet (2004); Marcowith et al. (2006).
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synchrotron emission and pion production can be expressed in a generic way (Biermann &
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pared to the acceleration timescale which reads (Lemoine & Waxman 2009): tacc = A tL,

where tL is the Larmor timescale and A & 1 for all types of Fermi acceleration (non, mildly,
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forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of
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dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects
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and of the magnetic field for example), depends notably on the hardly known ratio between
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gion but can be estimated by comparing the acceleration time, tacc, the escape time of

particles from the acceleration region tesc, the lifetime of the source, tage, and the energy

loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,

Norman et al. 1995a; Lemoine & Waxman 2009). The condition for successful acceleration
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imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works
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emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects
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dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects
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The maximum accessible energy further depends on many details of the acceleration re-
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the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.
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The maximum accessible energy further depends on many details of the acceleration re-

gion but can be estimated by comparing the acceleration time, tacc, the escape time of

particles from the acceleration region tesc, the lifetime of the source, tage, and the energy
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically

4Square Kilometer Array, planned for the next decade, is designed to cover an instantaneous field of view
of 200 square deg at radio frequencies below 1 GHz
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically

4Square Kilometer Array, planned for the next decade, is designed to cover an instantaneous field of view
of 200 square deg at radio frequencies below 1 GHz
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically

4Square Kilometer Array, planned for the next decade, is designed to cover an instantaneous field of view
of 200 square deg at radio frequencies below 1 GHz
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically
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of 200 square deg at radio frequencies below 1 GHz
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Figure 4. Cosmic ray flux measurements by KASCADE-Grande [64], Auger [15] and TA [65] com-
pared with pulsar model predictions. The total spectrum in solid black sums up extragalactic (dash)
and Galactic (solid) components. The top, middle, and bottom panels correspond to the Auger-
uniform, Auger, and TA cases respectively, as in Fig 1. Pulsar and propagation parameters: wind
acceleration coefficient η = 0.3, Galactic magnetic field coherence length lc = 20 pc, magnetic halo
height H = 2 kpc.
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Figure 4. Cosmic ray flux measurements by KASCADE-Grande [64], Auger [15] and TA [65] com-
pared with pulsar model predictions. The total spectrum in solid black sums up extragalactic (dash)
and Galactic (solid) components. The top, middle, and bottom panels correspond to the Auger-
uniform, Auger, and TA cases respectively, as in Fig 1. Pulsar and propagation parameters: wind
acceleration coefficient η = 0.3, Galactic magnetic field coherence length lc = 20 pc, magnetic halo
height H = 2 kpc.
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FIG. 1: The di↵use neutrino flux (⌫µ+⌫e+⌫⌧ after neutrino mixing in space) from an extragalactic newborn pulsar population
that would produce the measured UHECRs. The source emissivity follows the SFR (blue) or is uniform over time (black).
Overlaid are all flavor neutrino flux sensitivities of the IceCube detector after 1 year (red thin dash) and 5 years (red thick
dash) of operations [4], and the expected 3 year ARA-37 sensitivities (orange dash dotted) [5]. The integration of contribution
from sources at di↵erent redshifts has been corrected to follow equation 1.
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Figure 2. Time-integrated spectrum of muon neutrinos (solid) and electron neutrinos (dash) from
newborn pulsars in the local universe. Top and middle: magnetar case with injected cosmic rays being
pure proton (top) and iron nuclei (middle) - the source is a fast-spinning magnetar with Pi = 0.6ms
and B = 1015 G located at D = 5Mpc. Bottom: crab case with proton injection - the source is
a crab-like pulsar with Pi = 20ms and B = 1013 G located at D = 10 kpc. The distances of the
sources were artificially chosen to fit the plotting scale. The neutrino contributions from di↵erent
time intervals are listed as in the legend box.
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a crab-like pulsar with Pi = 20ms and B = 1013 G located at D = 10 kpc. The distances of the
sources were artificially chosen to fit the plotting scale. The neutrino contributions from di↵erent
time intervals are listed as in the legend box.
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In Figure 4, we show mass attenuation and mass
energy-transfer coefficients. For Mej = 10 M!, we use
Zeff = 2.5 assuming a typical composition for ejecta of
Type II SNe, whereas we use Zeff = 7 for Mej = 5 M!

assuming ejecta are dominated by carbon and oxygen.
Different chemical compositions lead to modest influ-
ences on attenuated gamma-ray spectra, but our conclu-
sions are not qualitatively altered. In Figure 3, optical
depths to Compton and BH pair production processes
are shown, respectively. Obviously, GeV-TeV gamma
rays cannot leave the ejecta until a few months after the
explosion. The GeV gamma-ray escape is allowed at

tγ−bo! 88 d ([Zeff + 1]/3)1/2(Mej/5 M!)
1/2

× (Vej/5000 km s−1)
−1

. (52)

In the Thomson limit, the gamma-ray flux at Eb
IC for

t ! tem is roughly given by

F b
IC∼ 3.7× 10−8 GeV cm−2 s−1 Y (1 + Y )−1B−2

dip,14

× ([Zeff + 1]/3)−1(Mej/5 M!)
−1(Vej/5000 km s−1)

2

× (d/16.5 Mpc)−2(t/tγ−bo)
−2. (53)

Note that the ejecta becomes optically thin to Thomson
scattering at

tHX−bo! 420 d (2/µe)
1/2(Mej/5 M!)

1/2

× (Vej/5000 km s−1)
−1

. (54)

The synchrotron flux at late times is estimated to be

F b
syn∼ 2.6× 10−12 erg cm−2 s−1 (1 + Y )−1B−2

dip,14

× (2/µe)
−1(Mej/5 M!)

−1(Vej/5000 km s−1)
2

× (d/16.5 Mpc)−2(t/tHX−bo)
−2. (55)

Note that low-energy photons with low κγ can escape
earlier after they experience multiple scatterings.

3. NUMERICAL RESULTS

We solve Equations (2), (7), (10), (11), (14) and (38)
numerically. Then, we approximately take into account
matter attenuation in the SN ejecta via Equation (51).
Key parameters for dynamics are Pi, Bdip, Mej and Esn.
Throughout this work, Esn = 2 × 1051 erg is used. We
also consider Mej = 5 M! and Mej = 10 M!, which
are often suggested from modeling of observed Type Ibc
and II SNe. To detect X-ray and gamma-ray emis-
sion, sufficiently fast-rotating and magnetized NSs are
required, so we consider NSs with Pi ≤ 10 ms and Bdip ≥

1013 G. Other microphysical parameters are treated as
sub-parameters, assuming that they are similar to ones
suggested in the literature of Galactic PWNe. Moti-
vated by results on the Crab nebula (Tanaka & Takahara
2010), we assume εB = 0.003 and εe = 1 − εB, fixing
q1 = 1.5, q2 = 2.5 and γb = 105.5.
In Figure 5, we show hard X-ray and gamma-ray

spectra for the millisecond pulsar case with (Pi, Bdip,
Mej)=(2 ms, 1014 G, 5 M!). The observation time is
set to t = 106.75 s after the explosion. As expected
in Equation (37), generated EIC emission has a peak
around ∼ 10 − 100 GeV, but two-photon attenuation is
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Fig. 5.— High-energy photon spectra of the early PWN embed-
ded in the SN ejecta. The observation time is set to t = 106.75 s !
65 d, and the source distance is taken as d = 16.5 Mpc. Rele-
vant parameters for dynamics are (Pi, Bdip, Mej)=(2 ms, 1014 G,
5 M!). We show cases with (thick curve) and without (thin curve)
matter attenuation. Note that cascades via γγ → e+e− in the
emission region is considered. The Fermi/LAT sensitivity at the
corresponding observation time and NuSTAR (106 s) and CTA
(50 hr) sensitivities are also overlaid.
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Fig. 7.— High-energy photon spectra of the early PWN embed-
ded in the SN ejecta for Pi = 2 ms at t = 107.5 s ! 316 d. Different
magnetic field strengths are considered. Detections with CTA are
possible for Bdip = 1013 G. Murase et al. 2015

KK, Phinney & Olinto 2013
Murase et al. 2015



 
Superluminous supernovae due to central pulsar

 observable X-ray and gamma-ray emissions

change radiation 
emission from SN?

injection of pulsar rotational energy 
into SN ejecta

Erot ~1052 erg >> ESN ~1051 ergs

13

8 Murase et al.

In Figure 4, we show mass attenuation and mass
energy-transfer coefficients. For Mej = 10 M!, we use
Zeff = 2.5 assuming a typical composition for ejecta of
Type II SNe, whereas we use Zeff = 7 for Mej = 5 M!

assuming ejecta are dominated by carbon and oxygen.
Different chemical compositions lead to modest influ-
ences on attenuated gamma-ray spectra, but our conclu-
sions are not qualitatively altered. In Figure 3, optical
depths to Compton and BH pair production processes
are shown, respectively. Obviously, GeV-TeV gamma
rays cannot leave the ejecta until a few months after the
explosion. The GeV gamma-ray escape is allowed at

tγ−bo! 88 d ([Zeff + 1]/3)1/2(Mej/5 M!)
1/2

× (Vej/5000 km s−1)
−1

. (52)

In the Thomson limit, the gamma-ray flux at Eb
IC for

t ! tem is roughly given by

F b
IC∼ 3.7× 10−8 GeV cm−2 s−1 Y (1 + Y )−1B−2

dip,14

× ([Zeff + 1]/3)−1(Mej/5 M!)
−1(Vej/5000 km s−1)

2

× (d/16.5 Mpc)−2(t/tγ−bo)
−2. (53)

Note that the ejecta becomes optically thin to Thomson
scattering at

tHX−bo! 420 d (2/µe)
1/2(Mej/5 M!)

1/2

× (Vej/5000 km s−1)
−1

. (54)

The synchrotron flux at late times is estimated to be

F b
syn∼ 2.6× 10−12 erg cm−2 s−1 (1 + Y )−1B−2

dip,14

× (2/µe)
−1(Mej/5 M!)

−1(Vej/5000 km s−1)
2

× (d/16.5 Mpc)−2(t/tHX−bo)
−2. (55)

Note that low-energy photons with low κγ can escape
earlier after they experience multiple scatterings.

3. NUMERICAL RESULTS

We solve Equations (2), (7), (10), (11), (14) and (38)
numerically. Then, we approximately take into account
matter attenuation in the SN ejecta via Equation (51).
Key parameters for dynamics are Pi, Bdip, Mej and Esn.
Throughout this work, Esn = 2 × 1051 erg is used. We
also consider Mej = 5 M! and Mej = 10 M!, which
are often suggested from modeling of observed Type Ibc
and II SNe. To detect X-ray and gamma-ray emis-
sion, sufficiently fast-rotating and magnetized NSs are
required, so we consider NSs with Pi ≤ 10 ms and Bdip ≥

1013 G. Other microphysical parameters are treated as
sub-parameters, assuming that they are similar to ones
suggested in the literature of Galactic PWNe. Moti-
vated by results on the Crab nebula (Tanaka & Takahara
2010), we assume εB = 0.003 and εe = 1 − εB, fixing
q1 = 1.5, q2 = 2.5 and γb = 105.5.
In Figure 5, we show hard X-ray and gamma-ray

spectra for the millisecond pulsar case with (Pi, Bdip,
Mej)=(2 ms, 1014 G, 5 M!). The observation time is
set to t = 106.75 s after the explosion. As expected
in Equation (37), generated EIC emission has a peak
around ∼ 10 − 100 GeV, but two-photon attenuation is
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65 d, and the source distance is taken as d = 16.5 Mpc. Rele-
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matter attenuation. Note that cascades via γγ → e+e− in the
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(50 hr) sensitivities are also overlaid.
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Fig. 7.— High-energy photon spectra of the early PWN embed-
ded in the SN ejecta for Pi = 2 ms at t = 107.5 s ! 316 d. Different
magnetic field strengths are considered. Detections with CTA are
possible for Bdip = 1013 G. Murase et al. 2015
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Erot ~1052 erg >> ESN ~1051 ergs
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ded in the SN ejecta for Pi = 2 ms at t = 107.5 s ! 316 d. Different
magnetic field strengths are considered. Detections with CTA are
possible for Bdip = 1013 G. Murase et al. 2015

 systematic search with Fermi LAT @ location of SLSNe 
strong constraints on central object Renault-Tinacci, KK, et al. for the Fermi Coll., in prep.
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Murase et al. 2015
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Extensive	  air	  shower

Radio	  detec2on
Eth	  ~1017	  eV

• Earth + mountains as target for neutrino interaction 
       Fargion et al. (2000),  Bertou et al. (2001)

• Radio detection of subsequent Extensive Air Shower (good at large zenith angles) 
on a HUGE array [ o(100’000 km²) ]

 
GRAND neutrino detection principle

radio signal
few 100 MHz

The Giant Radio Array for Neutrino Detection
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High-energy neutrino astronomy will probe the working of the most violent phenomena in the
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of ⇠ 105 radio antennas deployed over ⇠ 200 000 km2 in a mountainous site. It aims at detecting
high-energy neutrinos via the measurement of air showers induced by the decay in the atmosphere
of t leptons produced by the interaction of the cosmic neutrinos under the Earth surface. Our
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much as upward ones (T>90°) to the total cross-sections: mountains therefore constitute a significant 
target for neutrinos. 

 

Another striking result of the simulation is the large extension of the triggered area. This is illustrated 
in figure 2, where the trigger track extends along more than 100 km. Over all simulated events, the 
average distance from a triggered antenna to the tau decay point is ~70km, while the median number 
of triggered antennas per detected neutrino event is 20 (average: 180 antennas).  The large extension 
of the triggered area will be a powerful tool for background rejection (see next section), and will also 
allow to improve the angular resolution. Assuming a ~1 ns timing resolution, an average angular 
resolution of 0.05° can indeed be expected from the analytical computation  presented in [TREND]. 
The angular resolution is better than 0.2° for 99.9% of the simulated showers. 

 

 

It is possible to determine a limit on the GRAND detection sensitivity from the computed effective 
area. The integral limit at 90% CL is calculated by considering a power-law spectrum for the neutrino 
flux I = I0E-2, and no neutrino candidate (Ù 2.44 events @ 90% CL) detected within 3 years of data. A 
differential limit is also calculated by considering that no event is detected in each decade of energy. 
GRAND integral and differential sensitivity limits are presented in Fig. 3, as well as expectations for 
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Fig 2: display of a simulated neutrino 
event over the GRAND array. The 
neutrino trajectory is shown as a 
black line, neutrino interaction point 
in ground as a cyan star and tau decay 
point as a magenta star. Triggered 
antennas are shown in green. 
Neutrino energy is 1018eV and T = 90°. 
Here 472 antennas are triggered with 
a detected track extending along 
more than 100km. 

Figure 1 : GRAND detector effective 
area as a function of zenith angle 
for various neutrino energies 
between 3 1017 and 3 1020 eV. Here 
T = 0° corresponds to the zenith and 
T = 90° to the horizon. 

 

simulated neutrino event over GRAND array
E = 1018 eV,  𝜽 = 90o

here: 472 antennas triggered (along >100km)

 200’000 km2, 100’000 radio antennas 
 triggering technique tested with TREND in China (Tianshan 

mountains)
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E = 1018 eV,  𝜽 = 90o

here: 472 antennas triggered (along >100km)
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GRAND sensitivity for all-flavor neutrino flux

 x100 sensitivity of any planned neutrino detector
 E > 2x1016 eV
 angular resolution: fraction of degree! (other exp.: ~10 deg.)
 timing resolution: nano-sec.
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simulated neutrino event over GRAND array
E = 1018 eV,  𝜽 = 90o

here: 472 antennas triggered (along >100km)

 200’000 km2, 100’000 radio antennas 
 triggering technique tested with TREND in China (Tianshan 

mountains)

 poor energy resolution 
 sky coverage
 technical challenges: background noise rejection (will be tested 

with 35-antenna prototype), communication of 45k antennas

Challenges:

GRAND sensitivity for all-flavor neutrino flux

 x100 sensitivity of any planned neutrino detector
 E > 2x1016 eV
 angular resolution: fraction of degree! (other exp.: ~10 deg.)
 timing resolution: nano-sec.
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GRANDproto

Hybrid setup with 35 3-polar antennas + 24 scintillators
Target: (standard) air showers coming from North with 
40°<θ<70°
Principle: select radio candidates from polar info, use 
scintillator array as a cross-check 
--> qualitative determination of rejection factor
Deployment on-going, to be completed before June 
2016
Proposal to perform similar tests @ AUGER-AERA
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Neutrino astronomy and other Science Cases with GRAND

Sensitivity to GRB afterglow neutrinos
I GRAND vastly

outperforms all others

I Only one capable of
probing the GRB
afterglow ⌫’s after 3 yrs

I Event rates after 3 yrs
(108.5 � 1011.5 GeV)
for 60 000 km2

(200 000 km2) setup:
I Late prompt:

9–46 (28–154)
I Afterglow wind:

1–120 (4–400)
I Afterglow ism:

20–534 (66-1780)

I (Ongoing work with
I. Tamborra)

Mauricio Bustamante (CCAPP OSU) GRAND SC WG meeting 2015-10-12 4

GRAND

by M. Bustamante

expected neutrino fluxes directly from sources

GRAND

by K. Fang

from GRBs in particular
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reconstruction: great tool for UHECR physics 
above 1019 eV
Epoch of reionization (?)

Sensitivity to GRB afterglow neutrinos
I GRAND vastly

outperforms all others

I Only one capable of
probing the GRB
afterglow ⌫’s after 3 yrs

I Event rates after 3 yrs
(108.5 � 1011.5 GeV)
for 60 000 km2

(200 000 km2) setup:
I Late prompt:

9–46 (28–154)
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I Afterglow ism:
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Science case to be defined in more details! 
Work in progress.
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Perspectives

Kumiko Kotera - Institut d’Astrophysique de Paris
AMON workshop - 03/12/15
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GRAND: a dream tool for 
multi-messenger astronomy at VHE
GRAND proposal being set-up 
(science case + ν sensitivity)
Possible timeline: 

2016: proposal
2018: engineering array ( o(1000km²) )
2021: GRAND deployment

Join us! 
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